gests an association between DNA damage and repair, involves the activation of the cell cycle machinery in cell cycle regulation, and cell death in cycling cells (Copostmitotic neurons. However, the purpose of these pani et al., 2001). However, the functional role of cell cell cycle-associated events in neuronal apoptosis recycle activation in neurons committed to cell death and mains unknown. Here we tested the hypothesis that the mechanisms that control the relationship between cell cycle activation is a critical component of the DNA cell cycle and cell fate in terminally differentiated cells damage response in postmitotic neurons. Different remains unclear. In the present study, we test the hygenotoxic compounds (etoposide, methotrexate, and pothesis that cell cycle activation in postmitotic neurons homocysteine) induced apoptosis accompanied by is an important component of the mechanisms involved cell cycle reentry of terminally differentiated cortical specifically in triggering cell death initiated by DNA damneurons. In contrast, apoptosis initiated by stimuli that age. We demonstrate that the death of cortical neurons do not target DNA (staurosporine and colchicine) did triggered by DNA damage is associated with cell cycle not initiate cell cycle activation. Suppression of the reentry, in contrast to cell death initiated by nongenofunction of ataxia telangiectasia mutated (ATM), a toxic agents, and that blockage of the DNA damage proximal component of DNA damage-induced cell cyresponse associated cell cycle checkpoint pathways cle checkpoint pathways, attenuated both apoptosis inhibits both cell cycle activation and cell death. and cell cycle reentry triggered by DNA damage but did not change the fate of neurons exposed to stauroResults sporine and colchicine. Our data suggest that cell cycle activation is a critical element of the DNA damage
To study cell cycle reentry of terminally differentiated response of postmitotic neurons leading to apoptosis.
neurons, we first established cortical dissociated cultures from embryonic day 18 rats in which more than 99% of the cells express the neuron-specific microtubule-associated protein 2 (MAP-2) (Figure 1 ). The cul- formed in the present study. Representative kinetic curves for three of the agents used are shown in Figure  compared to control) can be due to the G2/M arrest in about 3% of the cycling cells present in control popula-4. The data suggest a causal relationship between neuronal apoptosis and cell cycle activation in cultures of tions, because this increase in the percentage of G2/M cells is accompanied by a corresponding decrease in cortical neurons exposed to 2 M staurosporine, 0.5 M colchicine, or 1 M etoposide for increasing periods the percentage of S phase cells. In order to relate the induction of cell cycle progression to DNA damage and of time. At the designated time points, apoptotic neurons were quantified by cell counts of Hoechst-stained cell death, we quantified DNA damage (DNA strand breaks) using the comet assay (Kruman et al., 2002) cultures (Kruman et al., 2000) , and cell cycle distribution was determined in cultures treated in parallel using flow and apoptosis by counting cells with apoptotic nuclei in cultures stained with Hoechst dye. As expected, each cytometry. The percentages of apoptotic neurons and neurons in S phase in cultures exposed to etoposide of these insults induced apoptosis ( Figure 3C ). However, increased with time ( Figure 4A ). In contrast, staurotinomycin D (7-AAD) to relate apoptosis to cell cycle position or DNA ploidy. This approach is based on the sporine and colchicine did not initiate S phase reentry of neurons during the duration of the apoptotic process differential labeling of apoptosis-associated DNA strand breaks versus the photolytically generated BrdU-asso-( Figure 4B ).
To establish the relationship between DNA replication ciated DNA strand breaks (Li et al., 1996) . The results of the flow cytometric analysis revealed a significant and apoptosis, we performed multicolor staining with apoptotic and DNA synthesis markers in the same sampercentage of apoptotic neurons and neurons that had incorporated BrdU due to DNA replication in cultures ple preparation of cultured cortical neurons. Importantly, this analysis enables the joint assessment of G1 treated with a classical DNA damaging agent, ␥-irradiation, as well as the genotoxic agents etoposide and A␤, phase apoptotic cells as well as G2 and S phase apoptotic cells which would not be represented in the subindicating that the neurons underwent apoptosis during or after S phase transition ( Figures 5B-5D ). Neuronal G1 diploid peak (Sakakura et The transcription factor p53 has been shown to play a Our findings establish a link between cell cycle activacritical role in the DNA damage response. p53 functions tion in terminally differentiated neurons and DNA daminclude sensing damaged DNA, controlling cell cycle age-induced cell death. To our knowledge, this study is progression and apoptosis, and participating in DNA the first to demonstrate that cell cycle reentry of postmirepair (see Almong and Rotter, 1997, for review). In the totic neurons is a critical element of the DNA damage present study, we found that the levels of p53 increased response and that such reentry is followed by death of in neurons exposed to homocysteine and A␤1-42. Elethe neurons. , an this notion comes from the discovery that primary cortical neurons derived from ATM-deficient mice were more observation that is consistent with our finding that ATM suppression has no effect on the amount of DNA damresistant to apoptosis induced by either etoposide or A␤ than cortical neurons from the wild-type mice. In age caused. ATM has been shown to be necessary for neuronal apoptosis induced by ␥-irradiation ( 
